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gather with a pump (5), which uses Stimulated Raman 
Scattering for amplifying signal in the DCF, thereby com- 
pensating for power loss associated with the DCF. 
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Description 

Technical Field 

[0001] Optical fiber systems using dispersive trans- 
mission fiber and Dispersion Compensation Fiber 
(DCF). 

Description of Reiated Art 

[0002] Stateof-the-art optical fiber systems provide 
for liigh density, long distance communication which 
was unimaginable a few years ago. Such systems use 
finite-dispersion fiber, e.g., TrueWave® fiber manufac- 
tured by Lucent Technologies Incorporated, with its low, 
prescribed dispersion, assuring both high per-channel 
bit rates and low tour-photon mixing for expedient multi- 
channel (WDM) operation. Operating systems have four 
or more Wavelength Division Multiplex channels, each 
capable of operation at a pulse rate of 2.5 Gbit/sec or 
greater. Systems soon to be installed use WDM sets of 
eight channels with a per-channel bit rate of 1 0 Gbit/sec. 
[0003] Such systems operate at a system wavelength 
of 1 550nm. Individual electronic optical-to-electrical sig- 
nal "regenerators", each together with a transmitter or 
receiver or with a paired regenerator, defines a "repeat- 
er span* of fiber, in tum, made up of "amplifier spans' 
perhaps 100 kilometers in length, each with an optical 
amplifier at one or both ends of the span. 
[0004] The prevalent optical amplifier is the 'Erbium- 
Doped Fiber Amplifier' (EDFA). Its development fulfilled 
a need of many years standing - of many years of dis- 
satisfaction with regenerators. The story of its choice 
and development is chronicled in "High-Gain Rare- 
Earth-Doped Fiber Amplifier Operating at 1 .54^m", R, 
J. Mears. PRC 87 . V\fashington. DC, 1987. Proc. Vol. 
3. pg. 1 67. One reason for choice of 1 550nm operation, 
in preference to earlier usual operation at 1310nm sys- 
tem wavelength, is unavailability of an analogous doped 
fiber amplifier for use at the shorter wavelength (see 
"Dispersion-Compensating Fiberfor Upgrading Existing 
1310-nm-Optimized Systenris to 1550-nm Operation", 
A. J. Antos et al.. OFC/IOOC '93, Technical Digest, pp. 
204-205). 

[0005] Raman amplification, for some years, thought 
the approach of choice, was totally displaced with intro- 
duction of the EDFA. The F^man interaction, see Non 
Linear Fiber Optics , G. P. Agrawal, Academic Press, 
Inc., 1 989, pp. 218-225 shares the EDFA passband ca- 
pability for simultaneous amplification of member chan- 
nels of the WDM set, but is viewed as relatively unsat- 
isfactory due to inefficiency of energy transfer from 
pump to signal. Due to unavailability of an amplifier 
equivalent to the EDFA for use at 1 310nm operation, it 
continues to be pursued for possible use in systems us- 
ing that signal wavelength (e.g., for dual wavelength 
systems simultaneously operating with WDM channel 
sets both at 1310nm and 1550nm). 



[0006] New high-capacity systems focus attention on 
inadequacies of earlier-installed single-channel sys- 
tems and on hiethods and apparatus for upgrading. Rel- 
evant existing systems operate at a system wavelength 

5 of 1310nm. Fiber used is 'unshifted'. of low chromatic 
dispersion at that wavelength, but with significant dis- 
persion when used at ISSOnm - e.g., a value of -16ps/ 
nm-km ~ in most instances sufficient to preclude state- 
of-the-art per-channel bit rates, e.g., of lOGbit/sec in 

10 single channel, as well as multiple channel operation. 
[0007] Newly-installed systems, designed for opera- 
tion at I550nm, have, for some time, used transmission 
fiber designed to minimize the dispersion-limitation on 
capacity. Dispersion-shifted fiber (DSF) with a disper- 

is sion null at ISSOnm has, more recently, been replaced 
by finite dispersion fiber such as TrueWave®, providing 
a small prescribed amount of dispersion to offset the 
non-linear 4-photon mixing limitation in WDM operation, 
see U. S. Patent No. 5,327,516, issued July 5, 1994. In 

20 both instances, reduced dispersion makes use of 
"waveguide dispersion" for compensating for material 
dispersion. (Reduced mode field size introduces disper- 
sion of negative sign for compensating the usual posi- 
tive dispersion of silica-based glass in the wavelength 

2S range of concern.) There are, however, circumstances 
under which the small increase in insertion loss resulting 
from reduced mode field size is a concern. A prime ex- 
ample is in underwater systems in which maximum am- 
plifier spacing is an overriding economic consideration. 

30 It is likely that such systems - even as designed for 
WDM operation - will continue to use dispersive fiber 
for transmissbn. New underwater systems are likely to 
use "pure" (i.e.. undoped) silica core transmission fiber 
("PSCF") avoiding the snr^ll (~ 10%) increase in toss at- 

ss tributable to index-increasing dopant, but slightly in- 
creasing ISSOnm dispersion still further to —19 ps/nm- 
km. 

[0008] It has been appreciated for some time that the 
bit-rate limiting effect of chromatic dispersion, a linear 

40 effect, could be compensated by series connection with 
fiber of opposite sign of dispersion, see 'Ail Optical Fib- 
er-Based 1550nm Dispersion Compensating in a 
lOGbit/s, ISOkm Transmission Experiment Over 
1 31 Onm Optimized Fiber". J. M. Dugan, etaL. QFC 92 . 

45 1992, post deadline paper, PD-14. pp. 367-368. Effort 
directed to a suitable Disperstori Compensation Fiber 
(DCF) has culminated In a fiber of the needed negative 
sign of disperskxi. and a dispersion of nnagnitude sev- 
eral (e.g., 4-5) times greater than that off usual in-* :«und 

so fiber, all as measured at 1 SSOnm, so that compensation 
is accomplished with a coil of DCF of length smaller than 
that of the span being compensated. It has a dispersion 
slope of opposite sign as well for precise compensation. 
See Lucent Technologies Inc.. Specialty Fiber Devices 

ss specification sheet, "Dispersk>n Compensating Fiber* 
(DK-SM). 

[0009] DCF, like all fiber, has an insertton loss which 
must be taken irito account in system design. An aggra- 
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vating consideration -- as in DSF, compensation de- 
pends on ^waveguide dispersion' - which requires re- 
duction in core size and further increases insertion loss. 
By all accounts, installation will require further annplifi- 
cation to offset loss in the DCF. See OFC^92 . Dugan et 
al. paper cited above, describing a module provided with 
an EDFA for this purpose. 

Summary of the Invention 

[0010] A module compensating for chromatic disper- 
sion of dispersive transmission fiber, for operation at a 
system wavelength of 1550nm, includes DCF together 
with amplifying means for offsetting insertion loss of the 
DCF. Rather than using an EDFA. the new module uses 
a Raman pump source, with considerable saving in 
equipment cost. Feasibility is attributed to the small 
mode field diameter of the DCF. attendant on the signif- 
icant waveguide dispersion contribution required to de- 
velop the needed dispersion of large magnitude and 
negative-sign. As compared with usual transmission fib- 
er, in which mode field diameter is maximized, Raman 
pumping is —3 times as efficient, so that required pump 
powers are readily obtained from semiconductor laser 
diodes of commercial design. Properties which led to 
general adoption of the EDFA for use in 1550nm sys- 
tems are retained. For WDM, the Raman passband is 
of sufficient breadth for simultaneous amplification of 
member channels - relatively uniform amplification 
across the band may offer some advantage over an ED- 
FA with uncompensated gain spectrum. 
[0011] Expected initial use will be for upgrading of 
1 31 Onm systems for operation at 1 SSOnm and this is a 
preferred embodiment. Systenns depending on un- 
doped silica core fiber for transmission are examples of 
new installations making use of the claimed rrKxJule. In 
either event, the DCF is a compact element ~ likely in 
spool form -- located in a terminal housing. In all instanc- 
es, the module provides for operation at a system wave- 
length of 1 SSOnm, with capability for WDM operation, 
either initially, or tor future upgrading. 
[0012] The clavned "toss-free nnodule" may include 
elements in addition to the DCF and Raman pump. One 
such element is an isolator provided at the module input 
for avoiding reflections and unwanted resonances as 
well as emission of pump energy by the module. Another 
is a wavelength selective coupler for routing pump and 
signal energy. It is expected that commercial product will 
include one or more modules each of total dispersion 
sufficient for compensation of a fraction or the entirety 
of single span of transmission fiber of commonly en- 
countered length. It is anticipated that larger systems, 
constituted of more than a single span, will bo accom- 
modated by use of multiple modules, generally in series 
connection. Multiple module locations are visualized - 
one or more might be located at transmitter, receiver, 
and repeater terminals. 



Terminology 

[0013] Description is expedited by the following defi- 
nitions. Violence is not done to connmon usage - the 
5 purpose being to indicate interKied specific meanings 
without need for repetition. 

Dispersion - When used without a modifier, the term 
means 'chromatic dispersion", the linear, power-inde- 
pendent dependence of light velocity on wavelength. 

10 Unless otherwise specifiedi indicated values are meas- 
ured at a wavelength of 1550nm. If only magnitudes are 
given, the signs of the disperston are negative (-) for the 
DCF and positive (+) for transmission fiber. Compara- 
tives ignore sign and refer to absolute values. 

IS Dispersion Compensating Fiber or DCF - Fiber of 
negative sign of dispersion and of magnitude ot disper- 
sion of at least -50ps/nm-km. intended for compensation 
of positive dispersion in "standard fiber*. 
Standard Fiber - Transmission fiber of positive sign of 

20 dispersion, and of dispersion magnitude at 1 SSOnm in 
the approxinnate range of +16 to +20 ps/nm-km. Exam- 
ples are undoped silica-core fiber, and "unshifted" trans- 
mission fiber used in installed single-channel systems 
designed for operation at a system wavelength of 

25 131 Onm. 

System Wavelength - While specific nrvagnitudes, e.g.. 
1 SSOnm or 1 31 Onm, are used for brevity, consistent with 
general usage, any value within the associated trans- 
parency "window" of silica fiber is intended. The pre- 

30 scribed value is necessarily embraced within the wave- 
length band of any associated WDM channel set. The 
invention is directed to upgrading to permit WDf^ oper- 
ation, generally using EDFA span amplifiers, so that the 
specific wavelength value intended for "1 SSOnm opera- 

35 tion' must lie within the passband of the EDFA - for 
present devices in the approximate range of from 
1 520nm to 1 61 Onm (see "U Itra wkJe band erbium-doped 
silica fiber amplifier with 80 nm of bandwidth", Y Sun et 
al, Topical Meet, on Optical Amp. and Their Appl., Vic- 

40 toria, BC, July 1997). 

Bit Rate - Unless otherwise specified, reference is 
made to per-channel bit rate. Consistent with common 
usage, numbers are rounded, e.g. with "10 Gb/s" repre- 
senting the value of 9.963 Gb/s of the DC-1 92 standard. 

45 WDM - Wavelength Division Multiplexing with closely 
spaced channels - S5nm spacing - to enable 1 SSOnm 
system operation with simultaneous amplification of the 
channel set by an individual EDFA. 
Repeater Span - Length of fiber between successive 

50 repeaters or between transmitter or receiver and its 
nearest repeater. 

Fiber Span or "Span" - Length of fiber bounded at ei- 
ther or both ends by an optical amplifier. 
Loss-free - Descriptive of the inventive module as pre- 
ss vided with amplifier capability for offsetting DCF-asso- 
ciat^ loss to result in a module capable of operating at 
a loss which is reduced to a value regarded as accept- 
able. Generally, offsetting loss to result in residual mod- 
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ule loss in the range of ±3 dB of perfect cancellation 
meets the criterion. 

Brief Description of the Drawings 

[0014] Figure 1 is a schermtic diagram showing a 
loss-free, dispersion-compensating module of the In- 
vention. 

[0015] Figure 2 is a schematic diagram of an optical 
fiber system incorporating a module of the invention. 
[0016] Figure 3 is a schematic diagram of an optical 
fiber system providing for WDM operation. 
[0017] Figure 4, on coordinates of gain in dB on the 
ordinate and pump power in mW on the abscissa, re- 
lates Raman gain resulting in the DCF to required pump 
power, for two signal powers as measured at the input 
to the nrKxiule. 

[0018] Figure 5. on coordinates of power in dBm and 
wavelength in nm, is a plot showing the measured spec- 
trum of amplified spontaneous emission (ASE) noise at 
the output of a loss-free module. 
[001 9] Figure 6, on coordinates of log(BER) and pow- 
er in dBm, is a plot showing the relationship between bit 
error rate and input power at the receiver for two cases 
-- one with and one without a dispersive fiber span and 
associated loss-free module. 

[0020] Figures 7A and 7B, in ordinate units of power 
and abscissa units of time, are eye diagrams showing 
the contrELSt between ones and zeros In a digital bit 
stream as measured at the output end of a dispersive 
fiber span, without and with module-compensation re- 
spectively- 

Detailed Description 

[0021] The inventive requirement is for Raman pump 
capability for offsetting loss associated with the totality 
of DCF at a concerned terminal housing - ir^cluding in- 
sertion loss of the DCF itself together with splice and 
other connection losses. Raman pump capability pro- 
vided at that housing is discrete, and directed to use of 
the DCF as the amplifier medium. While it is not intended 
that this capalMtity be used for pumping transmission fib- 
er, and while isolation preventing this is included in a 
preferred embodiment, it is not precluded that pump ca- 
pability exceed DCF-assoclated loss for any specific ap- 
plication. 

[0022] Discussion of the module, including character- 
istics of the various elements, refers to Figure 1 . Shown 
in an operating system, incoming signal, introduced at 
input 1 , passes in succession through isolator 2, DCF 
3, £Uid coupler 4 which sen/es for superimposition of Ra- 
man pump energy generated by pump source 5, result- 
ing in processed signal at output 6. 

DCF 

[0023] The module is designed for local installation. 



generally in a transmission terminal at the site of a trans- 
mitter, receiver or repeater, so that the DCF is in com- 
pact form, likely consisting of one or more spools of fiber. 
Candidate systems contemplated use transmission ftb- 

5 erof positivesignof disperslonCstandardfiber"), so that 
the DCF has a negative sign of dispersion. A variety of 
considerations - convenience, spool length, insertion 
loss, availability - suggest a minimum dispersion, D, of 
-50 ps/nm-km. A suitable, commercially-available DCF. 

10 used in the reported experiment, has a D=-89.2 ps/nm- 
km. 

[0O24] The length of a DCF spool is conveniently ex- 
pressed in terms of accumulated dispersion. Span 
lengths, encompassing installed as well as new systems 

IS now contemplated, are likely to be in the range of 30km- 
450km, corresponding with accumulated dispersion val- 
ues of the order of +500 ps/nm to +9000 ps/nm. For the 
three (amplifier) spans per repeater span, typical of 
state-of-the-art systems, the total dispersion required 

20 for connpensatkxi might be in the range of f rom-1 500 ps/ 
nm to-27000 ps/nm. 

[0025] A preferred embodiment of the inventksn con- 
templates standard modules of a limited array of disper- 
sion values which may be combined as needed. A set 

25 often standard values should be sufficient for upgrading 
most installed systenns, while at the same time expedit- 
ing manufacture and supply. To some extent, specific 
values will be determined by the market place in the 
instance of new systems, the values may contribute to 

30 standardization of span lengths. Illustratively, there 
might be three or four module lengths corresponding 
with: -500ps/nm; 

-lOOOps/nm; and -3000ps/nm (equivalent to about 
3S 6.6km. 11,2km, and 33.6km of-90ps/nm-km DCF 
respectively), with a fourth, if needed for fine tun- 
ing'. (In principle, such a fine-tuning nrnxlule couki 
be of positive sign of disperskxi, but It is likely it, too, 
will depend on waveguide dispersion contributkxi 
40 for achieving a high dispersion value to minimize 
length, and so be of negative sign.) Availability of a 
fine-tuning module of -100ps/nm, used by itself or 
in combinatk>n with one or more additional such 
nrKxlules, woukl enable compensation to within 

46 

± 50ps/nm of a desired value. A -40ps/hm disper- 
ston fine tuning module would enable a net (com- 
pensated) dispersion of ±20ps/hm, a degree of pre- 
cision considered adequate for today's most de- 
so manding use. It is likely that a module of so low a 
dispersion would be a passive unit, without provi- 
sion for an independent pump. 

[0026] A commercial offering consists of three pas- 
ss sive modules of standard values: 680ps/hm, 850ps/nm, 
and 1020ps/nm. Equipped with Raman pump/s, such a 
set might find acceptance. 

[0027] Precise specification of DCF design for the 



4 



BNSOOCtD: <EP__090aa77A2_l_> 



EP 0 903 877 A2 



8 



purpose of the invention is complicated. The invention 
depends on small mode field demeter. which in turn, 
depends on an array of considerations including fiber 
profile and core-to<lad variation in refractive index (An). 
Paradoxically, fiber design, in one important aspect, re- 
flects effort to maximize mode field size. e.g.. to lessen 
bending loss and to minimize non-linear effects (and the 
commercial DCF used in the experiment reflects effort 
to maximize mode field size commensurate with needed 
large negative dispersion). Specification of a unit disper- 
sion value of >-50ps/nm-km for the DCF requires a 
waveguide dispersion contribution sufficient, in accord- 
ance with present design practice, to assure a small 
mode field diameter, assuring the Raman efficiency un- 
derlying the invention. It is conceivable that the inventive 
objective may prevail over more orthodox considera- 
tions to result in fiber designs tor lessening mode field 
diameter. A mode field diameter ^ ^im is desired tor the 
DCF Of the claimed module. 

Pump Source 



[0028] A theme of the invention - suitability of rela- 
tively low-power pump sources for the loss-free module 
- in one embodiment, translates into incorporation of a 
single-stripe semiconductor laser diode of conventional 
design. Already commercially-available for use at other 
wavelengths, design change to accommodate the new 
need follows accepted principles. A single such diode, 
with its available power of l30-180mW or greater, suf- 
fices for smaller modules, and. used in tandem with one 
or more additional diodes, is suitable for greater lengths 
of DCF (Based on measured results, a power of 350mW 
is needed for a -3000ps/nm module.) An Illustrative form 
of tandem operation makes use of a polarization coupler 
for combining lasers of orthogonal polarized emissions. 
Another makes use of a wavelength-selective coupler 
for combining lasers of different wavelength emissions. 
[0029] Advances in LED design may result in substi- 
tutton of an incoherent devwe for the laser dkxJe. Of 
greater significance is the recently announced cascad- 
ed Raman resonator, pumped by a diode-pumped, dual- 
clad, fiber laser (Dig of Topical Meeting on Optical Am- 
plifiers and Their Applicatrans. Paper SaA4. S. G. Grubb 
et al, 1995). Capable of an ideally-positioned 1453nm 
center wavelength and with its power level si .6W, it is 
suitable for pumping the assemblage of DCF elements 
for compensating the largest repeater span. As produc- 
tion costs lessen, the cascaded device may supplant the 
conventional single stripe laser, at least in larger sys- 
tems. 

[0030] It is the expeciatbn that, at least for the near 
future, suitable Raman sources will be coherent in out- 
put, and that they will depend on one or more semicon- 
ductor lasers for operation. 

[0031] A pump source may sen/e more than a single 
DCF spool. Adhering to the concept of the loss-free 
module - one containing both DCF and pump - it is con- 



venient to view a module as constituted of a pump to- 
gether with one or more DCF spools or 'DCF unrts'. 
Ukety m series connection, such units may have the 
same or different dispersion values, e.g. corresponding 
5 with the proposed 'standard riKxiulesV Similarly, the 
purrp source may be constituted of two or more diodes, 
in any event with output leads for parallel or series 
pumping of units as desired. 

to Coupler 

[0032] This element serves to couple the pump with 
the DCF. One suitable design, providing for different 
pump and signal routing on the basis of difference in 

75 wavelength - on the necessarily shorter pump wave- 
length - is known, as a wavelength selective coupler 
(WSC). Since f unctraning in the manner of a WDM mul- 
tiplexing coupler it is known to some as a 'WDM".) A 
circulator is an example of a coupler which ignores 

20 wavelength difference, in combining pump and signal 
while maintaining route separation, based on difference 
in direction of propagation. 

[0033] A preferred module design positions the cou- 
pler on the module output, providing for pumping the 
2S DCF in the direction counter to the signal direction. Such 
•counter-directional pumping" minimizes noise transfer 
from the pump to the signal. 



30 
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Isolator 

[0034] This optional element Is included in a preferred 
embodiment to minimize back reflection 

- importantly of signal - at the module input, which, 
can result in resonances and accompanying de- 
crease in signal-to-loss ratio. Commercially availa- 
ble isolators, with isolatk>n values ^40dB for con- 
templated operating parameters, are adequate. 



40 System Operation 

[0035] Discussion of a representative system using a 
■toss-free module" is aided by reference to Figs. 2 and 
3 The system of Fig. 2 consists of: a laser diode 20 for 

46 emisston at a system wavelength of I550nm. together 
with a modulator 21 for imposing signal information; 
transmission fiber 22; a DCF module 23 such as that of 
Fig. 1 ; and detector 24. Optional elements shown in- 
clude: preamplifier 25; saturating amplifier 26; and 

so bandpass filter 27. While the single amplifier span 
shown suffices for description, a typical operating sys- 
tem is likely to include additional span/s, line break 28 
is lndk:ated for this reason. 

[0036] Fig. 3 depicts such a system, specifically pro- 
55 viding for WDM operatton. As shown, it consists of four 
transmitters 30.31. 32 and 33 combined by a passive 
coupler 34. The combined signal is introduced into 
transmission fiber 35. The multiplexed signal is received 
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at receiver 36, and is separated into separate channels 
by demuttiplexer 37. As depicted, the system provides 
for individual channel processors 38. 39, 40 and 41 . In- 
dividual transmitters may be regarded each as consist- 
ing of a laser source and an extemal modulator such as 
elements 20, 21 . respectively, of Fig, 2. Receiver 36, in- 
cludes a module such as that of Fig. 1 and, additionally, 
may contain amplfflers, serving the functions of ele- 
ments 25 and 26 of Fig. 2. Processors 38-41 may com- 
prise regenerators in the event the span shown is to be 
followed by an additional regenerator span. 

Examples - The Module 

[0037] Figure 4 reports measurements using the illus- 
trative DCF of the Table. The DCF module, shown In 
Fig. 1, provided I400ps/nm dispersion at a system 
wavelength of 1 554.3nm. The pump was a diode laser 
with a center wavelength of I453nm. Input and output 
coupling losses were 0.94dB and 0.97dB, respectively. 
Insertion losses totaled 10.47dB, including DCF splice 
losses of 0.42dB and 0.45dB. Measured characteristics 
of the DCF are summarized in the Table. 



Table 



DCF Characteristics 


Description 


Symbol 


Value 


Raman efficiency 




2.2-1 0-3m-iW-i 


Loss (1463nm) 




0.735dB^km 


Loss (1554.3nm) 




0.545dB/km 


Rayleigh scattering 


R 


-29.4dB 


N4ode-field diameter 


MFD 


4.87nm 


Dispersion 


D 


-89.2ps/nm-km 


Length 


L 


15.7km 



[OOSq Coordinates of Fig. 4 are: gain In dB on the or- 
dinate; and pump power coupled into the DCF In mW 
on the abscissa. Measurements are presented for an 
input power of 0.04dBm and for a small signal power of 
-35.0dBm. Results differed only slightly, showing insig- 
nificance of saturation effects of the Raman gain when 
operated with zero dBm signal Input power. 
[0039] At a pump power of 225mW. chosen as the op- 
erating point, the net gain was 1 .4dB. Coupled pump 
power required, to offset the 8.56dB loss of the DCF it- 
self, was iSOmW. From Fig. 4. it is seen that significant 
net (excess) gain results from further increasing pump 
power. As discussed, it is not the objective to significant- 
ly exceed loss associated with the DCF - In any event, 
double Rayleigh scattering will eventually impact noise 
perfornnance. Data reported on Fig. 4 shows suitability 
of a single-stripe laser diode pump. 
[0040] Figure 5, on coordinates of power in dBm and 
wavelength in nm. is a measure of the amplified spon- 
taneous emission (ASE) noise at the output of the DCF 
module for coupled pump power of 225mW. The meas- 



urement bandwidth was 0.2nm. At the signal wave- 
length of 1554.3nm, the ASE level was -47.0dBm. 

Example - System 

5 

[0041] The performance of the module was investi- 
gated in the transmission experiment schematically 
shown in Fig. 2. The transmission fiberwasa71km span 
of (undoped) silica-core fiber with insertion loss of 

10 i3.2dB and total dispersion of 1380ps/nm. The trans- 
mitter consisted of an extemally modulated DFB laser 
(laser 20 together with Mach-Zender nrKxiulator) oper- 
ating at 1557.4nm with a pseudo-random end-coated 
optical bit stream with a word length of at a data 

IS rate lOGb/s. The receiver included a three-section op- 
tical preamplifier, a tracking Fabry-Perot filter 27, a PIN 
detector 24 together with microwave amplifier and clock 
recovery circuitry. Preampliflcation resulted from a con- 
ventional two-stage amplifier 25 and a saturating ampti- 

20 fier 26. The DCF module was between the two amplifi- 
ers. With a received signal of -35.8dBm, the input power 
to nrKxiule 23 was -1.4dBm (-2.3dBm into the DCF). Re- 
sulting net dispersion was -20ps/nm. 
[0042] Figure 6 is a plot of bit error rate (BE R) against 

2S received power, with plotted data showing penalty-free 
operation with a claimed nnodule. A first set of data 
points (shown as triangles) is for the dispersive 71 km 
transmission fiber span together with a loss-free nrKXlule 
under oonditk>ns reported in the system example. A sec- 

30 ond set (shown as circles) is for back-to-back perform- 
ance without span and nrxxJule. Both sets fail on the 
Scime plotted line. 

[0043] Results are confirmed by the eye diagrams of 
figures 7A and 7B, both showing measurement of a bit 

3S stream at the output of the dispersive 71 km fiber span 
- Fig. 7B with the module. Fig. 7A without the module, 
both otherwise under conditions of the system example. 
Familiar to the system designer, the large eye opening 
of Fig. 7 B shows clear discriminatkxi between ones and 

40 zeros, accompanying satisfactory dispersion compen- 
sation. 

Module 

45 [0044] The claimed module is 'loss-free", i.e., invari- 
ably includes an amplifier which compensates for toss 
associated with DCF of the module. While a factory 
package containing both amplifier and DCF is visual- 
ized, the commercially-available product may provide 
so for the option of multiple elements - more than a single 
amplifier, and also more than a single DCF unit. Selec- 
tion of values for the DCF units will be consistent with 
discussion pertaining to oKxiule dispersion values 
(since a multiple-unit module is functbnally equivalent 
55 to a multiplbity of single-unit modules). Manufacturing 
cost/expediency may dictate a package having amplifi- 
cation capability exceeding the need of its total DCF 
content — e.g. sufficient to compensate for total loss of 
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that package together with that of one or more passive 

DCF units. 

[0045] The claimed module is not necessarily factory- 
packaged. It may be assembled from separate parts, the 
requirement being provision for dedicated Raman am- 
plification for compensating for DCF-associated toss. 



Claims 

1 . Loss-free module for operating at a system wave- 
length of 1 550nm tor compensating for chromatic 
dispersion of a transmissbn line of optical fiber, the 
module including a) input coupling means for cou- 
pling signal, b) dispersion compensating fiber 
(DCF). the DCF consisting essentially ot at least 
one DCF unit of fiber of negative sign of dispersion 
and of absolute magnitude of dispersion of at least 
50ps/nm-km, c) amplifier means for offsetting loss 
associated with the DCF, and d) coupling means for 
coupling the amplifier means to the DCF 
CHARACTERIZED IN THAT 

the amplifier means includes at least one 
pump for emitting pump energy at a wavelength 
shorter than the system wavelength, whereby sig- 
nal in the DCF is amplified by stimulated Ranrtan 
scattering. 

2. Module of claim 1 in which the pump is a semicon- 
ductor diode. 

3. Module of claim 1 in which the DCF consists essen- 
tially of at least two series-connected DCF units. 

4. Module of claim 1 In which a DCF unit consists of a 
spool of DCF of a total dispersion selected from the 
group consisting of a series of a maximum of 10 
members. 

5. Module of claim 4 in which the maximum dispersion 
of a member is -3000ps/nm. 

6. Module of claim 4 including a tuning DCF spool for 
fine-tuning dispersion, the dispersion of the tuning 
DCF spool being of either positive or negative sign 
of dispersion and having an absolute value of dis- 
perston of twice the desired precision. 



12 

10. Module of claim 9 in which the pump is a single- 
stripe semiconductor laser. 

11. Module d claim 9 in which the pump is a cascaded 
5 Rannan resonator, pumped by a diode-pumped du- 
al-clad fiber laser. 

12. Module of claim 1 in which the input means includes 
an isolator. 

10 

13. Optical fiber communicat ton system for operating at 
a system wavelength of 1550 nm, comprising a 
transmitter, at least one span of transmission fiber 
provided with input and output signal coupling 

IS means, the transmission fiber evidencing chromatic 
dispersion at the system wavelength, and a receiv- 
er, said system provided with compensating means 
for compensating for chromatic dispersion of the 
transmission line, such compensating means in- 

20 eluding a) dispersion compensating fiber (DCF), the 
DCF consisting essentially of at least one DCF unit 
of fiber of negative sign of dispersion and of abso- 
lute magnitude of dispersion of at least 50ps/nm- 
km, b) amplifier means for offsetting toss associated 

2S with the DCF, and 

c) sunplifier coupling means for coupling the 
amplifier means to the DCF, 

30 CHARACTERIZED IN THAT 

the amplifier means includes at least one pump for 
emitting pump energy at a wavelength shorter than 
the system wavelength, whereby signal In the DCF 
is amplified by stimulated Raman scattering. 

ss 

14. System of claim 1 3 in which the nrKxdule is connect- 
ed with the output signal coupling means of the 
transmission fiber. 

40 15. System of claim 14 including at least two spans of 
transmitter fiber, one of which is provided both with 
a said module and with a repeater. 

16. System of claim 13 for WDM operation, the trans- 
45 mitler including multiplexing means for multiplexing 
channels of a WDM set, and the receiver including 
demultiplexing means for demultiplexing such 
channels. 



30 



7. Module of claim 6 in which the absolute value of dis- 
perston of the tuning DCF spool is ±100ps/nm. 

8. Module of claim 1 in which coupling means is a 
wavelength selective coupler attached at the output 
of the DCF, providing for counter-directional pump- 
ing. 

9. Module of claim 1 in which the pump is a coherent 
energy source. 
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